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1 Introduction
During RAN1#87 meeting, the following agreements on NR synchronization signals design were achieved [1]. 
Agreements:
· Companies are encouraged to propose and evaluate following design parameters of NR-PSS/SSS until next meeting
· SS burst set periodicity
· Subcarrier spacing
· Sequence length
· Sequence type
· Number of IDs provided by NR-PSS/SSS
· Resource mapping/multiplexing
· Following target requirements should be taken into account in NR-PSS/SSS design
· Robustness against initial frequency offset up to 5 ppm
· 10 ppm as optional requirement
· Reasonable complexity for NR-PSS/SSS detection
· Good one-shot detection probability at -6 dB received baseband SNR condition with less than 1% false alarm rate
· Companies report detection probability, the residual timing error and frequency error 
· Good detection performance in multi-cell scenario
· Note: for mMTC, different target requirements may be considered
· Following aspects can be considered (not an exhaustive list)
· Low system overhead due to NR-PSS/SSS transmission
· Low PAPR of waveform for possible power boosting transmission
· Multiplexing with other signal/channel for efficient operation
· Utility of NR-PSS/SSS as reference signal for other channels, e.g., PBCH
During RAN1#87, RAN1 discussed and agreed to support SS block index indication to UE as in [1].
Agreements:
· At least for multi-beams case, at least the time index of SS-block is indicated to the UE
· FFS: single-beam case
· FFS: whether SS-block is transmitted by single-beam or multi-beams
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In this contribution, the design considerations on NR synchronization signals bandwidth, multiplexing and SS block index indication are discussed.  
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2 SS block index indication  
At least in multi-beam systems, the time index of SS block is indicated to the UE, which is agreed in RAN1 #87 [1]. The basic functionality of SS block index indication is to provide OFDM symbol index. In addition, SS block index indication can have the functionality to deliver SS block/burst/burst set configuration information, e.g. the number of SS blocks in a SS burst, and the number of SS bursts in a SS burst set. SS burst set configuration may be cell-specifically determined, considering the number of TRPs, cell coverage and antenna configurations. To efficiently support this functionality for above 6GHz systems, the number of analogue beams, i.e. number of SS blocks comprising a burst set, or SS burst set size should be made configurable. 
For simplicity, candidate SS burst set sizes can be determined to cover the cell coverage with sweeping all the Tx beams considering various deployment scenarios; and SS block index can be defined across possibly multiple bursts in a burst set. For example, under the assumption of 1 SS burst set = Z SS bursts = ZX SS blocks, the SS block index range is from 0 to ZX-1. 
Proposal 1: For above 6GHz, the number of SS blocks comprising an SS burst set, i.e., SS burst set size, is configurable. The SS burst set sizes to be indicated are ZX, X = 7 or 14, and Z = 1, 2, 3, 4.
The SS block index should be detected by UE during initial access. Since synchronization signal and broadcast channel are transmitted to UE during initial access, the following alternatives can be considered for SS block index indication:  
· Alt 1: NR-PSS or NR-SSS;
· Alt 2: NR-PBCH;
· Alt 3: New type SS, i.e., NR-TSS. 
If this SS block index indication functionality is given to NR-PSS/SSS without allocating additional resources, the symbol boundary detection or cell ID acquisition performance would be degraded due to the increased number of hypotheses for NR-PSS/SSS detection. In case of using NR-PBCH to convey SS block index, the number of blind decoding would give a big burden to UE in terms of decoding complexity. The reason of considering blind decoding is to enable coherent combining of SS blocks within a SS burst set. For example, in LTE system, UE has to perform maximum 4 times blind decoding to get LSB of the system frame number (2bits). In NR, for example, at least 14 blind decoding would be added to get SS block index. Thus, minimum 56 blind decoding trials should be performed in each PBCH decoding instant. It may cause lots of decoding complexity from UE perspective. Thus, introducing new type of SS is a good solution to minimize impact on SS detection performance and decoding complexity from UE perspective. 
Proposal 2: For above 6GHz NR, new type of SS, i.e., NR-TSS, is introduced to indicate (1) SS block index within a SS burst set; (2) a SS burst set size.
3 Mapping of SS blocks in an SS burst Set
In above 6GHz NR, even though the cell coverage is provided by multiple non-overlapping beams covering different angles, the UE may still receive more than one SS blocks with relatively high power, as the wireless link has multiple paths. Figure 1 shows the PSS correlation output across samples; there it can be seen that UE can receive multiple SS blocks steered to different angles with relatively high powers. Detailed simulation assumption is provided in Appendix. In this case, a UE should be able to get SNR gain by coherently combining the NR-SSS/PBCH across SS blocks. Therefore, coherent combing across SS blocks should be supported for decoding NR-SSS/PBCH. 
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Figure 1. PSS correlation to multi-beam SS blocks

Suppose there are M slots in one frame, each slot can transmit N SS blocks and the whole cell is covered by Y beams. If Y is smaller than or equal to N, then beam sweeping can be finished in just one slot. However, If Y=ZN, where Z is an integer greater than 1, there are several alternatives to sweep the beam in order to cover the whole cell: 
· Alt 1: Z consecutive slots are allocated for beam sweeping to cover the whole cell as illustrated in Figure 2(a);
· Alt 2: Z slots are distributed for beam sweeping to cover the whole cell as illustrated in Figure 2(b). 


Figure 2. SS burst set configuration.
The advantage of Alt 1 is that if coherent combining across different SS block is allowed, UE may decode the NR-SSS/PBCH within a smaller detection window than Alt 2; this may help IDLE mode operation, and reduces UE complexity on detecting PSS. Therefore, for above 6GHz, consecutive slots should be allocated for SS blocks.    
Proposal 3:  For above 6GHz, 
· The SS burst set design shall allow coherent combining across SS blocks comprising an SS burst set for detecting physical cell ID on SSS and decoding NR-PBCH.
· SS burst sets are periodically recurring with a single periodicity of 10 msec. Here, the period of SS burst set is the period of beam sweeping of SS block for a cell to cover the whole cell area.
4 SS multiplexing and bandwidth
4.1 SS multiplexing and bandwidth for below 6GHz
For below 6GHz NR, beam sweeping is not considered for SS transmission. In the frequency domain, the transmission of the sync signals must be limited to a minimum bandwidth supportable by all UEs. A larger sync bandwidth will increase the power consumption at the UE side. Since no beam sweeping is performed for below 6GHz, we don’t need FDM’ed NR-PSS/SSS over extended bandwidth to further reduce the SS duration. Also the time-domain detection can be used for the NR-PSS symbol so that the NR-PSS symbol should be TDMed with other NR-SSS/PBCH. Therefore, it is not necessary to increase the minimum system bandwidth to 20MHz for below 6GHz NR. 
Proposal 4: For carrier frequency up to 2GHz, the minimum system bandwidth for NR-SS should be 2.5MHz; and from 2 to 6GHz, the minimum system bandwidth for NR-SS should be 5MHz.  
The multiplexing design principle for below 6GHz NR should consider to support the coherent detection of NR-SSS/PBCH to improve the decoding performance. Furthermore, the multiplexing structure can be explored to use two repetitive NR-SSSs in order to improve the CFO estimation as well as CSI estimation, especially in case of UE mobility. The two NR-SSSs also improve the cell ID detection. One design example is illustrated in Figure 3. In this design, one NR-PSS, two repetitive NR-SSS and Q NR-PBCH symbols are transmitted, where Q is FFS. The relative position of NR-PSS, NR-SSS and NR-PBCH within a SS block could be different. On top of the basic TDM structure, the IFDM’ed NR-SSS/PBCH multiplexing illustrated in Figure 3 could also be considered to improve the channel estimation under high mobility as well as reducing the CFO/phase noise impact.
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Figure 3. SS multiplexing example for below 6GHz.
Proposal 5: In below 6GHz NR, down select from the following two TDM-based solutions for further improving the CFO estimation and coherent decoding performance.
· Alt1: TDM’ed NR-SSS/NR-PBCH multiplexing;
· Alt2: IFDM’ed NR-SSS/NR-PBCH multiplexing.
4.2 SS multiplexing and bandwidth for above 6GHz
In above 6GHz NR, SS block should be transmitted in a beam sweeping way in order to combat the large path loss. Furthermore, SS block in above 6GHz NR need to convey large payloads, such as the SS block index indication information. Therefore, the design of SS block in above 6GHz NR will be different from the design in below 6GHz NR. An SS block comprises a combination of synchronization signals, broadcast signals, and reference signals, i.e., NR-PBCH, NR-PSS, NR-SSS, NR-TSS, and MRS-1, which can be multiplexed in TDM, FDM, CDM or hybrid manner. NR-PSS is for time/frequency synchronization; NR-SSS is for cell ID. NR-TSS is to convey SS block ID and SS block numbers; MRS-1 is for beam measurement or demodulation reference signals for NR-PBCH; NR-PBCH is for MIBs. The multiplexing of SS blocks need to consider the minimum system bandwidth, time/frequency synchronization performance, cell ID detection performance and NR-PBCH decoding performance.  
Proposal 6: For over6 GHz NR, an SS block comprises a combination of NR-PBCH, NR-PSS, NR-SSS, NR-TSS and MRS-1. 
As discussed in RAN1#87, the minimum system bandwidth was agreed to be either 40MHz or 80MHz. The subcarrier spacing for SS block can be 60kHz, 120kHz or 240kHz. The number of REs available in six combinations are listed in the following table,
Table 1. Available REs for NR-SS in above 6GHz NR.
	
	Minimum bandwidth=40MHz
	Minimum bandwidth=80MHz

	Subcarrier spacing=60kHz
	600
	1200

	Subcarrier spacing=120kHz
	300
	600

	Subcarrier spacing=240kHz
	150
	300


As the SS blocks has to be transmitted in a beam sweeping way, the overhead in time domain to sweep these SS block will increase if the minimum system bandwidth is 40MHz due to the limited number of REs and large amount of system information NR-PSS/SSS/PBCH. Increasing the minimum system bandwidth will allow a large subcarrier spacing design for sync signal which is beneficial for combating phase noise and large CFO. Therefore, we propose that the minimum system bandwidth for above 6GHz NR should be at least 80MHz.  
Proposal 7: The minimum system bandwidth for above 6GHz NR should be 80MHz. 
In above 6GHz NR, longer sequence length of NR-PSS/SSS may be necessary to improve the synchronization performance. Longer NR-PSS can improve the accuracy of time/frequency offset estimation. Longer NR-SSS can support more cell ID or improve the cell ID detection probability. Furthermore, as discussed before, new signal like NR-TSS conveying the SS block index should be conveyed along with SS block. Therefore, in above 6GHz NR, multiplexing of SS block should support longer NR-PSS/SSS or support new signal like NR-TSS. The overhead of conveying each signal by one OFDM symbols may be too large. Therefore, it may be beneficial to FDMed part of NR-PSS/SSS/TSS/PBCH in one OFDM symbol. 
Proposal 8: In above 6GHz NR, longer NR-PSS/SSS should be supported. The multiplexing design of SS block should contain FDMed part of NR-PSS/SSS/TSS/PBCH. 
In above 6GHz NR, CFO will become worse as the carrier frequency increases. Furthermore, phase noise will also reduce the synchronization performance of the system. One way to improve the CFO estimation performance is to repeat signals in two OFDM symbols and estimate the CFO by calculating the phase difference. 
Proposal 9: In above 6GHz NR, multiplexing of SS block should support repetitive signals or part of signals to improve the performance of CFO estimation. 


Figure 4. SS multiplexing example for above 6GHz.
Figure 4 shows a design example on how to multiplex NR SS blocks. In this design, the minimum system bandwidth is 80MHz, the subcarrier spacing is 120kHz. Two consecutive OFDM symbols are used to convey NR-PSS/SSS/TSS/PBCH. NR-PSS and part of NR-PBCH/TSS are FDMed in the first OFDM symbol. NR-SSS and part of NR-PBCH/TSS are FDMed in the second OFDM symbol. The REs allocated for NR-PSS/SSS/TSS are 144. REs allocated for NR-PBCH with reference signals are 720. The advantages of this design are as follows: 1) it supports a relatively larger subcarrier spacing which make it robust to large CFO and phase noise; 2) it supports repetitive structure of NR-PBCH/TSS which can be used to improve the CFO estimation; 3) it supports a relatively low coding rate of NR-PBCH.
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5 Conclusion 
This contribution discussed the SS block bandwidth and multiplexing issues and made the following proposals. 
Proposals: Minimum BW values are band-specifically provided as in the following:
· For up to 2GHz, the minimum system bandwidth should be 2.5MHz; and from 2 to 6GHz, the minimum system bandwidth should be 5MHz.   
· The minimum system bandwidth for above 6GHz NR should be 80MHz. 
Proposals: For sub6GHz:
· Down select from the following two TDM-based solutions for further improving the CFO estimation and coherent decoding performance.
· Alt1: TDM’ed NR-SSS/NR-PBCH multiplexing
· Alt2: IFDM’ed NR-SSS/NR-PBCH multiplexing
Proposals: For over6GHz:
· The number of SS blocks comprising an SS burst set, i.e., SS burst set size, is configurable. The SS burst set sizes to be indicated are ZX, X = 7 or 14, and Z = 1, 2, 3, 4.
· A new type SS, i.e., NR-TSS, is introduced to indicate (1) SS block index within a SS burst set; (2) a SS burst set size.
· The SS burst set design shall allow coherent combining across SS blocks comprising an SS burst set for detecting physical cell ID on SSS and decoding NR-PBCH.
· SS burst sets are periodically recurring with a single periodicity of 10 msec. Here, the period of SS burst set is the period of beam sweeping of SS block for a cell to cover the whole cell area.
· An SS block comprises a combination of NR-PBCH, NR-PSS, NR-SSS, NR-TSS and MRS-1.
· Longer NR-PSS/SSS should be supported. The multiplexing design of SS block should contain FDMed part of NR-PSS/SSS/TSS/PBCH. 
· Multiplexing of SS block should support repetitive signals or part of signals to improve the performance of CFO estimation. 
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Appendix 

Table 2 Simulation settings
	Parameter
	Value

	Channel model
	CDL-C

	Sync tx burst duration
	125 usec

	(ASA, ASD)
	(30,5)

	# nominal sync symbols in a burst
	14

	Minimum system bandwidth 
	80 MHz

	FFT size
	1024

	Sampling rate
	122.88 MHz

	Subcarrier spacing 
	120KHz 

	Carrier frequency 
	30GHz

	BS beam sweep pattern
	Azimuth: sweeping 14 directions (equally divide (-180 deg,180 deg) into 14)
Elevation: directed towards 110 degree

	UE beam pattern
	Reception using a pseudo-omni beam 

	Sync symbol multiplexing method
	As shown in Figure 4.

	NR-PSS waveform
	127-length ZC sequence

	SNR at receiver side
	-18dB
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